The 
Introduction
Light Emitting Diodes (LEDs) are being used with increasing frequency in automotive lamps as they offer very long service life and extreme vibration resistance, and can permit considerably shallower packaging compared to most bulb-type assemblies [1] . In LED units, lenses collect, concentrate, and ultimately diffuse the light beams in the desired directions [2] . Plastic lenses are preferred to glass ones as they offer higher styling freedom, lower weight, and easier integration opportunities in addition to their low cost [3] . The optical performance of a lens is the ultimate quality differentiator in a LED lighting system and as such intensive research is underway to produce a new generation of LED lamps with higher optical performance lenses [4] . The surface quality of the plastic lens is considered to be one of the most important, if not, the most important parameters defining its performance (quality). The manufacturing process of optical lenses is injection molding, which is the most common method of producing parts made of plastic material. The process involves injecting molten plastic at high pressure into the metallic mold shaped in the form of the pot. When the plastic cools and solidifies, the mold opens and the part is ejected. Parts with holes, springs, threads and undercuts can be produced with an injection molding process on a single operation. It is important to note that the metallic die material (alloy composition, grain size, etc.), die surface (roughness, 3D topography, waviness, etc.), and subsurface quality (white zone, damage to the subsurface layer, etc.) significantly influence the final surface quality of the die material, i.e., the interface with the plastic lens, and hence its optical properties [2] . At present, trial and error practices are used by industry to obtain optimum surface conditions. For example, milling and additional polishing are used for spherical die cavities and some non-spherical ones, but this method is not efficient for freeform surfaces. For high-precision surfaces, a stainless steel die is first prepared by milling followed by nickel coating and finally ultra-precision diamond cutting of the coated surface. However, very little information is available on the influence of processing conditions on the surface quality of die inserts used for production of LED optical lenses. This paper has the view to develop a better understanding of the above interactions. Its principal objective is to investigate the effect of material characteristics and manufacturing processes on the surface of die inserts. The generated data will allow to choose the optimal material and cutting process in order to obtain the desired surface quality of the die and hence the optical performance of the plastic lens.
The remainder of this paper is organized as follows: an overview of the surface texture measurement is presented in Section 2. Section 3 describes an experimental surface analysis carried out on eighteen different manufactured inserts. In this regard, a list of profile (2D) and areal (3D) surface texture measurement parameters of the surface are extracted and presented in Section 4. The principal component analysis technique is then performed, followed by a discussion of the results. Finally, a summary is provided in Section 5.
Surface topography
Surfaces are not perfectly smooth and they always have some irregularities. An overview of different topics related to surface topography (also known as surface finish or surface texture) is presented in this section. Surface texture is conventionally defined as comprising roughness and waviness only, while surface topography is defined as including the error of form and flaws as well as the surface texture. Often the terms topography, roughness, and texture are used inter-changeably [5] . In the rest of this paper, the term "surface texture" will be employed. When measuring a surface, one must distinguish between form, waviness, and roughness. The form represents the shape of the surface (long wavelength) while the roughness represents small irregularities on top of that shape (small wavelength; micrometer scale). There is no clear limit where the form starts and where the roughness begins. This depends on the measurement's sampling length and the filtering techniques. The reader is referred to existing ISO 16610 and ASME B46.1 standards [6, 7] for extensive details about filtering techniques.
Why measure roughness?
From a tribological point of view, there is normally an optimum roughness to ensure the best application of the principles of friction, lubrication, and wear between interacting surfaces in relative motion. For example, the interaction between a harder surface (which is too rough) and a softer one will lead to abrasive wear and high friction because the harder surface will penetrate the softer one. On the other hand, if both surfaces are smooth, a very large wear area of contact occurs and when these surfaces are sliding, high temperature may occur, causing high friction. The roughness controls how much the asperities penetrate into the other surface. It also influences the surface stress conditions, the lubrication regime, the friction, and the wear. There are also other reasons to measure surface roughness, for example in surface finishing, it is important to define the appearance of a surface, how smooth it is and how smooth it needs to be in order to communicate that in different engineering application levels in a company. Another area where surface roughness plays a role is electric conductivity, heat conduction and lighting applications. The surface textures of die inserts significantly influence the optical properties of injected plastic optics of this last [2] . Many factors influence the surface irregularities: e.g., the production/finish process, the material structure, and the use of the surface. The production process (like turning, milling, grinding, etc.) or the surface finishing process (like polishing, coatings) will create different appearance of the surface. Another factor that plays a significant role is the material structure. A very brittle material will create more sharp corner asperities while a more ductile material will probably result in a smoother pattern. The use of the surface will also influence how the surface roughness looks; for example, wearing it, running-in, and the presence of chemical action on the material (like corrosion) will also change the surface texture.
Existing measurement methods for surface texture
The most classical and still very often in use is the stylus profilometer instrument. One of the major problems when using the profilometer is that the tip radius (from 2 to 5
) is large to resolve very fine irregularities. Another problem is the possibility of damaging the surface (scratch) because of the applied force by the stylus tip. There is another type of stylus instruments, called, Scanning Probe Microscopy (SPM), which works with the same principles as a profilometer but at a much smaller scale; examples are Scanning Tunneling Microscopy (STM) and Atomic Force Microscopy (AFM). These instruments provide very fine and accurate details on small measuring areas. On the other hand, SPM can be a more expensive and sensitive equipment. An expert operator is required to use the equipment. Also, measurements on very small areas might lead to misinterpretations. In recent years, optical methods are increasingly used to obtain 3D direct measurements of surface roughness (e.g., the interferometry instrument). The main advantage of optical methods over the stylus is the no direct contact of the measuring device with the surface. However, in addition to their higher cost, optical measurements may be disturbed in presence of thin transparent films on the surface. It should be mentioned that surface texture measurements are never precise. All different techniques provide different answers. For considerable detail regarding methods for measuring surface texture, we refer the reader to the work done by the National Institute of Standards and Technology [5, 8] as well as to the ISO 25178-6:2010 [9] standard. In this project, a laser confocal microscope has been selected to measure the surface texture of the eighteen inserts as described in Section 3 of this paper.
Surface texture characterization
The surface can be considered as a two-dimensional function ( , ) defined on the entire ℝ × ℝ domain.
There are different types of parameters for surface texture characterization. Originally, scientists took measurements on linear profiles -called a profile 2D characterization by metrologists -by looking at the height which is a function of . Available profile 2D surface texture standards are presented in [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . If the intention is to measure a surface (that is supposed to measure a profile), then areal measurements (3D characterization) are made, and in this case, is a function of and . Areal 3D surface texture standard is presented in [21] . The most common surface texture characterization parameters could be divided into five main types: -Amplitude (height) parameters; that only depend on the vertical position (Table 1 Despite the breadth of available 2D and 3D surface texture measurement parameters, professionals continue to evaluate and characterize surface finish solely on the value of the arithmetical mean deviation of the roughness profile ( ). One of the major problems with this approach is that different profiles can still have very close values [22] . Specifically, a surface with sharp spikes, deep pits, or general isotropy may all yield the same . The problem becomes even crucial when high precision components need to be machined for high-tech applications (e.g., optical lens injection). These surfaces do not have the same texture, and as a result, their optical characteristics will be different. Therefore, there is a clear need for a list of significant parameters to distinguish the surface texture characteristics created by every individual machining process which also considers the workpiece's material. In 2010, Petropoulos et al. [23] provided an overview of the current knowledge on the association of surface texture with machining, along with recent advances in surface characterization and evaluation. In their study, various texture parameters, adopted, or not, by ISO standards and their distinctive impacts were considered. In 2013, Deltombe et al. [24] proposed a multiscale surface topography decomposition method as a new methodology to select, without preconceived opinions, the 3D roughness parameters relevant for discriminating different topographies. The material used in the above study was rolled stainless steel and was machined using an electrical discharge tool. In 2015, a study of the variations of areal parameters on machined surfaces was reported by Pawlus et al. [25] . They studied parameter variations tendencies for various types of measured surfaces and selected 3D parameters that were stable for surfaces, but sensitive to surface irregularities. Section 3 presents the proposed experimental procedure for surface texture characteristics investigation of die inserts used for injected plastic optics in lighting applications.
Experimental procedure
The aim of the experimental procedure is to measure, compare, and examine the surface texture of the most common die inserts used for high precision injected optic lenses. To this aim, a total of eighteen different die inserts were manufactured for examination. This experimental design intends to cover the most common materials and diamond cutting techniques.
Sample descriptions
The samples represent a combination of three different materials with four different manufacturing processes. Table 2 summarizes the samples and their overall dimensions. The materials used in these experiments are as follows: Toughmet, Nickel-Phosphor and Acrylic (PMMA). The first two materials are used commonly for diamond cut die inserts, and the last one is for direct machined lenses. The different machining processes are as follows: turning, fly-cutting, ruling, and milling by a diamond cutter. Extensive details about these processes could be found in [26] . The manufacturing process has been adapted in terms of feed rate, cuter diameter, and cutting speed, in order to ensure a theoretical roughness value equal to 20 . The samples have been stored in a personalized vacuum chamber to avoid the possible oxidation in the air. 
Measurement protocol and repeatability test
The surface roughness measurements were carried out using a Confocal Digital Microscope Olympus LEXT OLS4100 unit provided at the École de Technologie Superieure's Products, Processes, and Systems Engineering Laboratory (ÉTS-P²SEL) in Montréal (QC), Canada. The unit is a laser scanning microscope that performs non-contact 3D observations and measurements of surface features. Its specifications could be found in [27] . The LEXT OLS4100 microscope has been checked for repeatability using the KNT 4070/03 ultrafine roughness reference part. It was provided by HALLE Präzisions-Kalibriernormale GmbH Inc. for calibration and for the verification of roughness measurement instruments [28] . This reference part is measured and calibrated (tracableto PhysikalischTechnische Bundesanstalt (PTB) standards). The body of the reference part consists of hardened stainless steel, 40 × 20 × 11.3 . A rectangular measuring surface, 5 × 9 , made of hardened nickel is diamond turned in the middle of the body. In order to perform the repeatability test of the microscope, 25 measures were made on the reference part. The results presented in Table 3a show that the average roughness ( ) and the mean roughness depth ( ) values are close to the ones provided by the KNT 4070/03 reference part. Surface (3D images) can be described as a function ( , ) defined on the entire ℝ × ℝ domain. Measurements taken by the confocal microscope sampled this function, at discrete points in a finite area. 3D images of 400 × 400 were captured using an objective lens wit × 50 magnification. These dimensions are selected based on the recommendation for the evaluation length provided in [6] . The Olympus microscope software uses a Gaussian probability function in order to separate the waviness from the roughness (filtering). This was done using a cut-off value of 0.08 as recommended by the standards [6, 7] . For each insert, a total of five different positions were 3D imaged. One areal and five profile surface texture measurements were extracted per image (5 areal and 25 profile surface texture measurements per insert). Table 3b presents the repeatability study results of the 25 profile measures taken on T1 sample. This was done in order to verify the repeatability of the process on the entire insert surface and the quality of the deposited material on each insert. The results of the characterization are provided in the next section. 
Results and discussion
3D views of the surface texture of certain samples are presented in Figure 1 and Figure 2 . The profile and areal surface texture measurement parameters presented in Table 1 were extracted from the surface of each die insert as described in the measurement protocol. Table 4 and Table 5 The preliminary analysis of the surface characterization results shows that:
-The most common parameter in industry ( ) is not very useful to describe the behavior of the surface from a tribological point of view. As shown in Figure 3 , and Table 4 and Table 5 , different machining processes fail into approximately the same ( ) values. These common parameters could not be considered as a reliable discriminator of different surface texture types that leads to different optical performances.
Figure 3 Box plot;
-Samples presented in the order of a same machining process -As shown in Figure 4 , the mean width of the roughness profile elements could be among the best to describe the surface texture. Samples belonging to the same machining process are grouped together. Another way could be the bearing ratio curve (cumulative  distribution) represented by the parameter ( ), and .
Figure 4 Box plot; -Samples presented in the order of a same machining process
-From a functional point of view, concerning the patterned textures, the slope is actually more important than the height. It shows how sharp asperities are. The slope has a closer correlation to tribological phenomenon like friction and wear. Therefore, slope ∆ ( Figure 5 ) can describe in a better way the different surface textures rather than height . As stated in the introduction, distinguishing different surface textures obtained by ultra-precision manufacturing processes using diamond cutting tools for optical applications is crucial because it leads to different optical performances. For that matter, a Principal Component Analysis (PCA) is used in the next section to better highlight the similarities and differences between the various surface texture measurement parameters and to identify possible patterns among them
The Principal Component Analysis
The Principal Component Analysis (PCA) is the statistical, descriptive, or exploratory method invented by Pearson [29] and Hotelling [30] used to extract the main sources of variation in multi-variate datasets. PCA is a change of variable space that reduces the original dimensionality into a lower number of orthogonal non correlated synthesized variables. In the current study, two PCAs (PCA-R, PCA-S) were conducted separately on the surface texture measurement parameters (2D and 3D). For both PCAs, the individuals are the eighteen different die inserts. The quantitative variables for PCA-R study are the profile surface texture parameters. The quantitative variables for PCA-S study are the areal surface texture measurement parameters. The Scree Plot for PCA-R and PCA-S presented in Figure 6a , Figure 6b , respectively, are related to the eigenvalues, which reflect the quality of the projection = 10 for PCA-S) to a lower number of dimensions. The Scree Plot for PCA-R and PCA-S shows that three of those eigenvalues explain most of the variability, ensuring that the maps based on the first three factors are a good quality projection of the initial multi-dimensional table. The remaining factors explain a very small proportion of the variability and are likely unimportant. In Figure 6a , the first eigenvalue equals 10.7 and represents 70 % of the total variability. This means that if the data is represented only on one axis, it will be still possible to see 70 % of the total variability of the data. In the case of Scree Plot for 2D parameters (Figure 6a) , the three components with eigenvalues greater than or equal to 1,0 were extracted. Together, they account for 92% of the variability in the original data. Similarly, as shown in Figure 6b , the three components with eigenvalues greater than or equal to 1.0 account for 89% of the variability in the original data. (Table 1a) and negatively correlated with the skewness parameter ( ) while the second component (PCA2-R) is significantly positively correlated with the spatial parameters ( ) and significantly negatively correlated with the Slope ( ∆ ). On the other side, Loading Plot from the PCA-S is presented in Figure 7b . PCA1-S in the horizontal direction is negatively correlated with Skewness parameter ( ). The second component (PCA2-S) in the vertical direction is positively correlated with Kurtosis ( ). Finally, in the Score Plot presented in Figure 8 the different machining processes studied in this paper are displayed according to the two main components. A clear trend is noticed in Figure 8a showing how a particular machining process is positioned when considering the main variables (PCA-R components). 
Conclusion
A combined experimental and analytical surface texture analysis study carried out on eighteen diamond cut die inserts used for injected plastic optics in lighting applications was presented in this paper. The aim was to investigate the effect of different diamond turning processes and materials and identify the critical parameters characterizing the surface quality of the diamond cut inserts. The results confirm that ( ) alone is not a reliable discriminator of surface texture generated by different machining processes. Based on the principal component analysis, a group of surface texture parameters need to be taken into consideration for a better description of the surface texture. The first element of the proposed group is the amplitude parameters (e.g., height , , .. and skewness ). The second element is the spatial parameter and the third one is the root mean square slope ∆ . The proposed group will allow industries to better distinguish different surface textures obtained from the diamond cutting process. The proposed parameters are considered as optimum descriptors of the condition of the surface and are those that show the greatest sensitivity. This may result in cost saving while reducing the production time and therefore increasing the global competitiveness. The findings of the project will be also directly applicable to other industries that use diamond turning process such as aerospace and satellite manufacturing sectors. In the next phase of the project, the optical performance of the injected lens (diffractive surface, Total Internal Reflection TIR, scattering, etc.) will be modeled as a function of the proposed group.
